INTRODUCTION
Signal transducer and activator of transcription 1 (STAT1) is activated downstream of interferons (IFNs) and transmits antiviral and antimicrobial signals from the cell surface to the nucleus (Stark and Darnell, 2012) . Mice with complete or tissue-specific loss of Stat1 are prone to succumb to infections and to develop tumors (Kaplan et al., 1998; Klover et al., 2010; Schneckenleithner et al., 2011; Koromilas and Sexl, 2013) . STAT1 activity is regulated posttranscriptionally, e.g., by JAK-mediated phosphorylation of tyrosine701 (Y701), which allows STAT1 dimerization and nuclear translocation. Various kinases phosphorylate STAT1's transactivation domain at serine727 (S727) (Kovarik et al., 1999; Nair et al., 2002; Deb et al., 2003; Bancerek et al., 2013) . IFN-induced S727 phosphorylation occurs after STAT1 dimers bind to DNA (Sadzak et al., 2008) and modulates transcription (Wen et al., 1995) . Knockin mice with point-mutated STAT1-S727 (Stat1-S727A) display reduced antimicrobial activity, emphasizing the importance of the phosphorylation site and suggesting that the S727A mutation generates a hypomorphic Stat1 allele (Varinou et al., 2003; Pilz et al., 2009) .
Natural killer (NK) cells are important in the defense against virally infected and malignant cells (Vivier et al., 2011) . Their development, activation, and cytotoxic function are tightly regulated by cytokines, which induce the JAK/STAT signaling pathway. Interleukins 2 and 15 (IL-2 and IL-15) drive NK cell development, proliferation, and homeostasis and signal predominantly via STAT5 (Lodolce et al., 1998) . STAT1, STAT3, and STAT4 are downstream of IL-12, mediating NK cell activation and cytotoxicity and triggering the transcription of IFN-g, granzymes, and perforin (Watford et al., 2004) . IFN type I induces NK cell cytotoxicity in viral infections and stimulates NK cell proliferation and survival via activation of dendritic cells (DCs) (Nguyen et al., 2002; Lucas et al., 2007) .
Although STAT1 regulates many aspects of NK cell biology (Lee et al., 2000; Kovacic et al., 2006) , the role of STAT1-S727 phosphorylation in NK cells is unknown. We show that in Stat1-S727A mutant mice, NK cells display higher cytotoxicity toward a broad panel of target cells, leading to more efficient tumor clearance. The upstream kinase is CDK8, which offers a therapeutic opportunity to stimulate NK cell activity. Figure S1 and Table S1 .
RESULTS

High Cytotoxic Activity of
Stat1-S727A NK cells is unaffected ( Figure 1C ). Consistent with previous findings by Robbins et al. (2005) Table  S1 ). In contrast, changes on Stat1-S727A cells are minor: only the relative increase of NKG2A/C/E + and a reduction of KLRG1 + NK cells ( Figure 1D ; Table S1 ) are consistently observed despite normal levels of MHC class I (data not shown). Unexpectedly, purified and in vitro-expanded NK cells derived from Stat1-S727A mice show significantly higher cytotoxicity toward YAC-1, RMA-S, and RMA-Rae1 target cells ( Figure 1E ). Redirected antibody-dependent cellular cytotoxicity (R-ADCC) against the receptors NK1.1, 2B4, and Ly49D confirmed this finding ( Figure 1F ).
IL-12 is a potent activator of NK cell cytotoxicity and induces the transcription of granzymes, perforin, and IFN-g (Watford et al., 2004 ; Figure S1 ). Il12p40 expression is enhanced in Stat1-S727A bone marrow-derived macrophages upon CpG treatment (Schroder et al., 2007) . We failed to detect any differences in Il12p40 expression under basal conditions. Stimulation with LPS increased Il12p40 expression in Stat1-S727A splenocytes less than in wild-type cells ( Figure S2) Figure 1G ). Levels of perforin are enhanced under standard culturing conditions and especially after stimulation with PMA and ionomycin ( Figure 1H ). The increased amounts of granzyme B and perforin correlate with changes in the levels of microRNA-378 and -30e, which posttranscriptionally regulate the two enzymes, respectively (Wang et al., 2012 ) (see Extended Results; Figure S1 ).
Constitutive Basal Phosphorylation on STAT1-S727 Is Mediated by CDK8
In contrast to Y701, S727 is constitutively phosphorylated in unstimulated wild-type NK cells (Figures 2A-2C ). In lymphokine-activated killer (LAK) cells, STAT1-S727 phosphorylation is enhanced by . In line with previous reports by Bromberg et al. (1996) and Horvath and Darnell (1996) , lack of S727 phosphorylation does not interfere with IFN-b-mediated transcription of typical STAT1 target genes ( Figure S2 ). Web-based inquiries to identify the STAT1-S727 kinase gave the highest support vector machine (SVM) scores for cyclindependent kinases (CDKs) and mitogen-activated protein kinases (MAPKs). The pan-CDK inhibitor flavopiridol strongly reduces STAT1-S727 phosphorylation, whereas roscovitine, which inhibits CDK1, CDK2, CDK5, CDK7, and CDK9, has no impact. Similarly, the p38 MAPK inhibitor BIRB 0796 reduces STAT1-S727 phosphorylation, but the prototypic p38 inhibitor SB 203580 does not ( Figure 2D ). We performed knockdown of CDK8, a kinase targeted by both flavopiridol and BIRB 0796 (Davis et al., 2011) , in primary NK cells and found a reduction of STAT1-S727 phosphorylation ( Figure 2E ). The lifespan of primary NK cells is limited, so we generated immortalized primary murine NK cells from mice with a disrupted Ink4a tumor suppressor locus (Serrano et al., 1996) . The immortalized NK cells retain their growth dependence on IL-2 and their functionality with respect to IFN-g production and cytotoxicity for several months ( Figure S2 ). CDK8 knockdown in the Ink4a À/À NK cells verified the link between CDK8, STAT1-S727 phosphorylation and enhanced cytotoxicity ( Figures 2F and 2G ). Attempts to inhibit CDK8 in primary NK cells and to test the resulting cytotoxicity were inconclusive because there is still no inhibitor specific for CDK8. Inhibitors target multiple kinases, and this renders an interpretation of the assays impossible.
Stat1-S727A Mice Are Less Susceptible to NK CellSurveilled Tumors To examine whether the increased cell-mediated cytotoxicity associated with the Stat1-S727A mutation confers enhanced protection against NK cell-surveilled tumors, we used B16F10 melanoma cells, which form tumor nodules in the lung upon intravenous injection. In Stat1 À/À animals, the first nodules were detected as early as 7 days postinjection. Wild-type animals showed the first tumors after 14 days, whereas Stat1-S727A mice remained free of visible tumor nodules until day 21 ( Figures 3A and 3B ). The enhanced resistance of Stat1-S727A mice to B16F10 tumor formation led to a significant increase in overall survival ( Figure 3C ). We also injected wild-type, Stat1
, and Stat1-S727A mice intravenously with v-abl-transformed leukemic cells, which are eradicated by NK cells (Stoiber et al., 2004) . Stat1 À/À mice rapidly succumb to leukemia, but Stat1-S727A animals are significantly less susceptible ( Figure 3D ). As a control, we used Rag2 À/À /Stat1-S727A mice that lack B and T lymphocytes (Figure 3E) . The survival curves of Rag2 À/À and Rag2
/Stat1-S727A mice are superimposable with those of wild-type and Stat1-S727A mice. Disease severity at the day of sacrifice was comparable ( Figure S3 ).
Metastasis represents a major problem in cancer therapy. In the 4T1-induced cancer model, the growth of the primary breast tumor is NK cell independent, whereas its ability to metastasize is restricted by NK cell-mediated tumor surveillance. Wild-type mice, Stat1 À/À mice, and mice with the Stat1-S727A mutation showed no differences in volume or weight of primary tumors (Figures 4A and 4B and Rag2
lung infiltrates compared to wild-type and Rag2 À/À animals ( Figure S4 ).
DISCUSSION
Our study reveals an inhibitory role of STAT1-S727 phosphorylation for NK cell cytotoxicity. STAT1-S727 is constitutively phosphorylated in unstimulated NK cells, where it modulates their activity.
The transactivation domain of all STAT proteins except STAT2 harbors at least one conserved serine-phosphorylation site. Experiments in Stat1-S727A-mutated NK cells show that STAT1-S727 phosphorylation is a prerequisite for full IFN-g induction, although it decreases granzyme B and perforin transcription. Perforin function shows a pronounced gene-dosage effect: Prf1 +/À NK cells display reduced cytotoxicity (Lowin et al., 1994) . Higher perforin levels may thus lead to higher cytotoxicity, as we observed in Stat1-S727A NK cells. Cytotoxicity might also be affected by additional mechanisms such as a reduction of the inhibitory KLRG1 or an increase in expression of partially activating NKG2A/C/E. Several kinases phosphorylate STAT1-S727 upon stimulation, depending on cell type and stimulus (Kovarik et al., 1999; Nair et al., 2002; Deb et al., 2003; Bancerek et al., 2013) . The transactivation domain of STAT1 is also phosphorylated on S708, S744, and S747. Phosphorylation on S708 has been attributed to IKKε and is indispensable for antiviral IFN signaling (Tenoever et al., 2007) .
CDK8 has recently been identified as a major kinase in the response to IFN signaling mediating STAT1-S727 phosphorylation (Bancerek et al., 2013) . In fibroblasts and macrophages, STAT1-S727 phosphorylation depends on stimulation by cytokines. We now report an additional role for STAT1-S727 (F) Knockdown of CDK8 with five hairpins in an immortalized Ink4a À/À NK cell line is shown. A random hairpin served as control.
(G) FACS-based cytotoxicity assay of immortalized NK cells transduced with a random hairpin or a hairpin against CDK8 (#3) against YAC-1 target cells is presented. Symbols represent mean, and error bars indicate SEM of triplicates (*p < 0.05, ***p < 0.001; unpaired t test). See also Figure S2 . generate NK cells primed to kill more efficiently raises the hope of enhancing clinical efficacy and outcome.
EXPERIMENTAL PROCEDURES
Mice BALB/c and C57BL/6 wild-type (+/+) , Stat1 Durbin et al., 1996) , Stat1-S727A (Varinou et al., 2003) , Rag2 À/À (Shinkai et al., 1992) , Rag2 Cao et al., 1995) , Ifng À/À (Dalton et al., 1993) , and Ink4a À/À (Serrano et al., 1996) mice were maintained under pathogen-free conditions. The in vitro and B16F10 in vivo experiments were performed with mice on C57BL/6 background. For v-abl + and 4T1 tumor models, mice on BALB/c background were used. All experiments were carried out with gender-and age-matched 6-to 12-week-old mice, were approved by the institutional ethics committee, and conform to Austrian laws (license 66.009/0019-II/10b/2010 14.1.10).
Inhibitor Studies and shRNA Knockdown
Web-based inquiries, e.g., Group-based Prediction System (GPS; http://gps. biocuckoo.org/) and KinasePhos 2.0 (http://kinasephos2.mbc.nctu.edu.tw/ index.html), were performed. For inhibitor studies, LAK cells were deprived of IL-2 for 3 hr prior to 4 hr treatment with 30 mM DMSO (Carl Roth), 100 ng/ml anisomycin (Sigma-Aldrich), 5 mM roscovitine (Calbiochem), 0.5 mM flavopiridol (Sigma-Aldrich), 1 mM BIRB 0796 (Bö hringer Ingelheim), or 25 mM SB 203580 (Sigma-Aldrich).
For shRNA-mediated knockdown of CDK8, five pGIPZ clones (RMM4532-NM_001260) and two TRC clones (TRCN0000023107 and TRCN 0000023268) were obtained from Open Biosystems. The best knockdown efficiency was shown by clone 3 for pGIPZ (V2LMM_192695) and clone TRCN0000023268 for TRC. A clone containing a validated nonsilencing shRNA (RHS4346 for pGIPZ and RHS4080 for TRC) served as control. VSV-G-pseudotyped lentiviruses were produced as described previously (Hoermann et al., 2011) . Recombinant lentiviruses were produced in HEK293T cells with pGIPZ vectors and plasmids encoding GAG-POL and VSV-G. NK cells were transduced by spin infection (800 3 g, 90 min, 32 C) in the presence of 7 mg/ml Polybrene (Sigma-Aldrich) and selected with 2 mg/ml puromycin (Invivogen/Eubio) for 5 days.
In Vitro Cytotoxicity Assay Standard 4 hr [ 51 Cr]-release assays and flow cytometry-based cytotoxicity assays (Zebedin et al., 2008; Schuster et al., 2011) are described in detail in the Extended Experimental Procedures.
B16F10 Tumor Model
Mice were injected via tail vein with 5 3 10 4 B16F10 melanoma cells and sacrificed after 7, 14, 21, or 28 days (time course) or at the first sign of dyspnea (Kaplan-Meier) . Stat1 À/À mice were included only until day 21. Lungs were removed, weighed, and captured on camera, and the visible tumor nodules on their surface were counted.
Leukemia Model
Single-cell suspensions from BALB/c bone marrow were infected with A-MuLV retrovirus in the presence of 7 mg/ml Polybrene (Sigma-Aldrich) and 10 ng/ml rmIL-7 (PeproTech) to establish stable cell lines. After intravenous injection of 10 5 v-abl + leukemic cells, mice were checked daily for the onset of leukemia and sacrificed at the first sign of disease. They were analyzed for spleen and liver weight and the presence of leukemic cells (CD19 + CD43 + B220 + ) in bone marrow, spleen, and blood.
4T1 Tumor Model
A total of 5 3 10 5 tumor cells/30 ml PBS was injected in the fat pad of the fifth pair of mammary glands of sedated mice. Once a week, tumor volumes were measured (tumor volume = (width 2 3 length)/2) and WBCs determined in an animal blood counter (Scil Animal Care). GR1 + CD11b + MDSCs in the blood were assessed via flow cytometry. At the indicated time points, lungs were excised, paraformaldehyde fixed, and paraffin embedded, and six to ten sections (3 mm) were stained with hematoxylin and eosin (H&E, Microm HMS 740 Robot Stainer; Thermo Scientific) and scanned with a Zeiss MIRAX scanner. The percentage of metastatic lung area was quantified by Definiens Analyst software.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism version 5.00 for Windows (GraphPad Software; http://www.graphpad.com). Where ANOVA showed a statistical difference, Tukey's multiple comparison testing was applied. Comparison of more than two survival curves was made by the Bonferroni correction of log rank tests. The a level for all tests was set to 0.05, and p values were two tailed. The significance level is indicated for each experiment (in general: *p < 0.05; **p < 0.01; ***p < 0.001).
For further details, see the Extended Experimental Procedures and 
Supplemental Information EXTENDED RESULTS
Stat1-S727A NK cells are characterized by an increased cytotoxic capacity, which is accompanied by enhanced levels of granzyme B and perforin under steady-state conditions as well as upon stimulation (Figures 1G and 1H) . Interestingly, the enhanced cytotoxicity is independent of IFN-g, as Stat1-S727A NK cells produce less IFN-g assessed in intracellular cytokine stainings ( Figure 1G ). To test whether these differences were caused by altered transcriptional regulation we performed qPCR experiments. As expected, Ifng levels were strongly reduced in Stat1 À/À as well as in Stat1-S727A NK cells. Interestingly, only small but consistent and significant differences in mRNA levels of granzyme B (Grzmb) and perforin (Prf1) were detectable in Stat1-S727A NK cells compared to wild-type ( Figure S1A ). In line with the minor alterations of mRNA levels also upon IL-12 stimulation, we did not detect any significant changes when we analyzed the recruitment of polymerase II to the perforin gene via chromatin immunoprecipitation (ChIP) ( Figure S1B ). Moreover, the transcriptional upstream regulators of granzyme B and perforin, T-bet (Tbx21) and Eomesodermin (Eomes) (Pearce et al., 2003; Townsend et al., 2004) , were expressed at comparable levels in Stat1-S727A and wild-type NK cells (Figures S1C-S1E) . Similarly, we failed to detect any changes in the expression of the transcription factor Helios (Ikzf2) that was recently described as a modulator of NK cell reactivity (Narni-Mancinelli et al., 2012) ( Figure S1F ). The fact that we observed significant changes in protein expression accompanied by less dramatic alterations in mRNA levels and comparable polymerase II binding suggested the involvement of microRNAs (miRNAs). Recent reports have unraveled a key role for miRNAs as posttranslational regulators of perforin and granzyme B (Fehniger et al., 2010; Kim et al., 2011; Leong et al., 2012; Wang et al., 2012) . When we tested the expression of miRNAs in NK cells ex vivo we indeed found a statistically significant downregulation of miRNA-30e and miRNA-378 in Stat1-S727A NK cells compared to wild-type NK cells ( Figure S1G ). These findings propose that STAT1-S727 phosphorylation regulates miRNA levels. In the absence of STAT1-S727 phosphorylation less miRNAs are available to suppress the transcription of perforin and granzyme B, which ultimately results in enhanced NK cell cytotoxicity.
EXTENDED EXPERIMENTAL PROCEDURES
Cell Culture B16F10 melanoma and A010 A-MuLV producer cells were maintained in DMEM high glucose (PAA) supplemented with 10% fetal calf serum (FCS, PAA), 50 mM 2-mercaptoethanol (Sigma-Aldrich), 100 U/ml penicillin and 100 mg/ml streptomycin (Life Technologies). YAC-1, RMA, RMA-S, RMA-Rae1, Daudi and v-abl + leukemic cells were maintained in RPMI-1640 medium containing L-glutamine (PAA), 10% FCS, 50 mM 2-mercaptoethanol, 100 U/ml penicillin and 100 mg/ml streptomycin. 4T1 cells were cultivated in EAGLE medium (house intern media kitchen), supplemented with 2 mM L-glutamine (Sigma-Aldrich), 20 mM HEPES buffer (Sigma-Aldrich), 0.02 mg/l Ciproxin (Bayer), 1 U/ml penicillin and 1 mg/ml streptomycin (Sigma-Aldrich). NK cells were isolated from splenocytes using the MACS â NK cell separation kit (anti-DX5 microbeads, Miltenyi Biotec). In order to obtain LAK cultures, the MACS â -purified NK cells were plated for 5-7 days in RPMI-1640 containing L-glutamine, 10% FCS, 50 mM 2-mercaptoethanol, 100 U/ml penicillin, 100 mg/ml streptomycin and 5,000 U/ml rhIL-2 (Proleukin â , Novartis). The purity of LAK cells was routinely checked before the experiments (%NK1.1 + CD3 -cells > 90%).
NK Cell Stimulation
Freshly purified NK or LAK cells were harvested and stimulated with 5,000 U/ml rhIL-2 (Novartis), 100 U/ml rmIFN-b (AbD Serotec), 5 ng/ml rmIL-12 (R&D Systems), or 10 ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) and 250 ng/ml ionomycin (Sigma-Aldrich).
Antibodies and Flow Cytometric Analysis
Following antibodies (clones) were purchased from BD Biosciences: B220 (RA3-6B2), CD3ε (145-2C11), CD11b (M1/70), CD19 (1D3), CD27 (LG.3A10), CD43 (S7), CD122 (TM-Beta 1), CD244.2 (2B4), IFN-g (XMG1.2), KLRG1 (2F1), Ly49A (A1), Ly49C/I (5E6), Ly49D (4E5), NKG2A/C/E (20d5) and Ter-119 (TER-119). Following antibodies were purchased from eBioscience: CD3ε (17A2, 145-2C11), CD16/CD32 (93), CD49b (DX5), CD51 (RMV-7), CD226 (10E5), granzyme B (NGZB), NK1.1 (PK136), NKG2D (CX5), NKp46 (29A1.4) and perforin (eBioOMAK-D). Whole blood and splenocytes were depleted of erythrocytes prior to staining. Purified anti-CD16/CD32 was added to avoid nonspecific binding. Intracellular staining for perforin was performed with the Fixation/Permeabilization kit (eBioscience, #88-8823-88), granzyme B and IFN-g were determined with the Foxp3/Transcription factor staining buffer set (eBioscience, #00-5523-00) after the application of a fixable viability dye eFluor â 450 (eBioscience). All samples were recorded on a FACSCanto TM II flow cytometer (BD Biosciences, Heidelberg, Germany) and analyzed with BD FACSDiva software version 6.1.2 or with FlowJo software version 7.6.1 (Tree Star).
Antibodies and Western Blot 10 6 purified NK cells were boiled (95 C) for 20 min in 150 ml SDS-sample buffer [5% SDS (Biomol), 5% glycerol (Merck), 2.5% 2-mercaptoethanol and a trace amount of bromophenol blue sodium salt (Merck) Semiquantitative Real-Time PCR RNA was prepared from freshly isolated splenic lymphocytes or from purified and in vitro expanded NK cells using peqGOLD TriFast reagent (PEQLAB). 1 mg of RNA was reversely transcribed by the iSCRIPT cDNA synthesis kit (Bio-Rad). Real-time PCR was performed on a MyiQ2 cycler (Bio-Rad Laboratories, CA) with SsoFast TM EvaGreen â Supermix (Bio-Rad). The applied primer sets are described in Table S2 . The Ikzf2 (Helios) QuantiTect primer assay was purchased from QIAGEN. Target gene expression was normalized to Gapdh.
miRNA Quantification DX5 + NK cells were isolated from whole splenocytes (MACS â NK cell separation kit, Miltenyi Biotec) and lysed in peqGOLD TriFast reagent (PEQLAB). Total RNA including miRNA was purified with the miRNeasy Mini Kit (QIAGEN). cDNA was generated with the miScript II RT Kit (QIAGEN) and for qPCR the miScript SYBR Green PCR Kit (QIAGEN) and the following miScript primer assays (QIAGEN) were used: Mm_miR-27a*_1, Mm_miR-27a_1, Mm_miR-30e_2, Mm_miR-223_2, Mm_miR-378_2, Hs_SNORD61_1. qPCR was performed as described in the standard protocol provided by the supplier and miRNA expression levels were normalized to Snord61.
ChIP Assay
ChIP assays were performed as described previously (Farlik et al., 2010) with slight modifications. In brief, 1*10 7 LAK cells were either left untreated or stimulated for 30 min with 100 U/ml IFN-b or 5 ng/ml IL-12 prior to formaldehyde-crosslinking for 10 min at room temperature. After the addition of 0.5 M glycine, nuclei were prepared and lysed overnight in the presence of complete protease inhibitor cocktail (Roche). The chromatin was sonicated for 7 cycles (30 s on, 30 s off) with a Bioruptor Plus (Diagenode, Liè ge, Belgium), which resulted in the formation of chromatin fragments 300bp -1kbp in size. After overnight incubation with 4 mg of anti-polymerase II antibody (Santa Cruz sc-899), the IP was conducted with Dynabeads Protein G (Invitrogen). Following elution and reverse crosslinking overnight, the chromatin was purified by phenol/chloroform/isoamyl alcohol extraction and ethanol precipitation. The transcription start site of the murine perforin gene was amplified with the primers 5 0 -TGGTGGGACTTCAGGTAAGGA-3 0 and 5 0 -CAACTCTCTTTCCCCAGGGT-3 0 and compared to the irrelevant region 188 bps 3 0 -downstream of CD19 5 0 -CCCTCTTCTCATTCGTTTTCCA-3 0 and 5 0 -CCAGGAAAGAATTTGAGAAAAATCA-3 0 .
In Vitro Cytotoxicity Assays FACS-based cytotoxicity assays were performed as follows: MACS â -purified LAK cells were co-cultured with 5*10 4 CFSE-stained (2.5 mM; CellTrace CFSE Cell Proliferation Kit, Molecular Probes) target cells at different effector-to-target (E:T) ratios in triplicates. After 4-6 hr co-incubation all samples were subjected to 0.1 mg 7-aminoactinomycin D ( Depicted is the summary of at least two independent experiments (*p < 0.05; one-way ANOVA followed by Tukey's post hoc test).
(G) The expression levels of miRNAs involved in the posttranscriptional regulation of perforin and granzyme B were determined in freshly isolated NK cells derived from wild-type and Stat1-S727A mice (n R 3 per genotype, ***p < 0.001; unpaired t test). Plotted are means ± SEM. 
